Ultrafast dynamics of free carriers in low-temperature grown GaAs was studied using time-domain terahertz emission spectroscopy. The subpicosecond free-carrier lifetime was determined for a set of annealed samples with different growth temperatures ͑175-250°C͒, the carrier mobility was also estimated. The influence of the growth temperature on the ultrafast carrier trapping is discussed.
I. INTRODUCTION
Low-temperature grown GaAs is the most widely used material for the fabrication of photoconductive THz emitters or detectors. Its unique properties are good carrier mobility, high dark resistivity, and subpicosecond carrier lifetimes.
GaAs grown by molecular beam epitaxy ͑MBE͒ at temperatures lower than 300°C ͑LT GaAs͒ presents a 1%-2% arsenic excess which depends on the growth temperature T g and on the arsenic pressure during the deposition.
1,2 As a result a high density of arsenic antisite defects As Ga is produced and forms a donor miniband close to the center of the band gap. 3, 4 The concentration of As Ga increases with decreasing T g and can reach 10 19 -10 20 cm Ϫ3 , which leads to a decrease of the resistivity due to hopping conduction. [5] [6] [7] The concentration of ionized donors As Ga ϩ , which are responsible for the fast electron trapping, depends strongly on the concentration of acceptors ͑gallium vacancies͒. 8 The as-grown samples are then usually thermally annealed: The excess arsenic precipitates into metallic clusters surrounded by depleted regions of As/GaAs barriers which allow one to recover the high resistivity. 9 The role of the precipitates in the fast carrier recombination process is, however, not yet completely clear. Recently, attempts have been made also to dope LT GaAs during the MBE growth with compensating acceptors, namely with Be, in order to increase the number of As Ga ϩ : the trapping time reduction was observed for heavily doped samples. 10, 11 A detailed understanding of the mechanisms of the ultrafast response is a crucial point that allows one to optimize the elaboration technology and to control the properties of the material. As the photocarrier trapping is a nonradiative process in undoped LT GaAs samples, photoluminescence measurements cannot be used for the carrier lifetime determination. 3, 11 The most commonly applied technique is thus the optical pump-probe experiment. 3, 10, [12] [13] [14] [15] [16] [17] However, the interpretation of the obtained pump-probe signals is difficult as ͑i͒ several decay components are usually observed including the photocarrier trapping and cooling, and the photoinduced absorption, 18 and as ͑ii͒ high excited-carrier densities (10 17 -10 19 cm Ϫ3 ) have to be used. Consequently, a large number of physical phenomena can contribute to the observed signal: band filling, carrier scattering, band-gap renormalization, free-carrier absorption, trapped-carrier reabsorption, filling of the miniband states. The observed effects thus depend significantly on the pump intensity and on the pump/probe wavelength. These problems can be avoided using the optical pump-terahertz ͑THz͒ probe experiments as discussed in Ref. 19 ; on the other hand, the temporal resolution in these experiments is decreased to about 400 fs due to the length of the THz pulses.
In this contribution we propose a method for extracting the subpicosecond photoexcited carrier dynamics directly from the temporal wave form of the THz pulses which are emitted from a biased LT GaAs sample. The advantage of this method is that the photo-induced absorption is avoided, that the measurement is not sensitive to the carrier cooling, and that low carrier densities ͑less than 10 15 cm Ϫ3 ͒ are used: Thus the trap filling and the screening of the carriers can be completely neglected. Also, time constants as small as 250 fs can be detected.
II. EXPERIMENTAL METHOD AND RESULTS
The samples investigated in this study were grown by MBE on a semi-insulating GaAs substrate: First, a 72.5 nm GaAs buffer layer was deposited at 600°C, subsequently, a 1.3 m layer was grown at a temperature T g . Four samples were prepared with T g ϭ175, 200, 225, and 250°C. The samples were then annealed for 10 min at 600°C. Gold planar electrodes were deposited on the layer surface with two different spacings ͑4 and 6 mm͒.
During the experiments a high bias voltage was applied on the electrodes ͑between 800 and 2500 V͒, the space between them was then uniformly irradiated by a femtosecond pulse train coming from a Ti:sapphire oscillator ͑ ϭ800 nm, t p ϭ100 fs, repetition rate 76 MHz͒: the generated free-electron densities ranged from 10 14 emitted THz signal was detected in the far field through electro-optic ͑EO͒ sampling using a 1-mm-thick ͗110͘ ZnTe crystal. 20 The far-field profile of the THz pulse is proportional to the time derivative of the current between the electrodes. 21, 22 It is important to stress that no focusing optics should be used in the path of the THz beam in order to avoid the wave form distortion due to the phase change and spectral filtering. 22 In our approach the whole shape of the THz electric field is fitted in contrast with the emission experiments carried out in quantum wells and superlattices 23, 24 where only the resonant frequency was being determined, and that are thus less sensitive to the presence of mirrors and lenses.
The experiments were performed under nitrogen atmosphere in order to avoid water vapor absorption. We verified for all studied samples that, within the above-specified ranges, the shape of the THz wave forms depends neither on the distance between the electrodes, nor on the magnitude of the applied voltage, nor on the incident light intensity. Examples of the measured wave forms are given in Fig. 1 . The shape of the wave forms is essentially given by the dynamics of the carriers in the LT GaAs layer and in the GaAs substrate ͑13% of the incident power is absorbed in the bulk͒ and by the detection process in the ZnTe sensor.
The relation between the true THz wave form and the wave form obtained through the EO sampling has already been described: 25, 26 The complex THz spectrum is simply multiplied by the autocorrelation of the optical pulse and by spectral characteristics of the EO crystal ͓see Eq. ͑61͒ in Ref. 26͔ . We have experimentally determined the THz dielectric spectrum and the group refractive index near 800 nm for our ZnTe sensor. These data were then used for the fitting.
III. THEORETICAL MODEL AND DISCUSSION
The transient current density j through the emitter causes the emission of a THz field E THz . Far from the emitter, the on-axis field is given by
where the integration is taken over the whole emitter. The current density depends on the free-carrier concentration n and on the mean velocity v of the electrons:
jϭϪenv, ͑2͒
the contribution of the holes which have a much smaller mobility is neglected. Our model of the carrier transport is based on a set of kinetic equations 27 which can be written for the LT GaAs layer as well as for the GaAs substrate as follows:
where G is a photoinjection rate, E loc is the local electric field, c is the free-electron lifetime, and s is the velocity relaxation time. A term describing the carrier diffusion was omitted in Eq. ͑3͒ as it has no impact on the subpicosecond dynamics. The last term of Eq. ͑4͒ allows one to define correctly the mean velocity v of the free carriers during the generation process: dnϭG dt is the density of the newly generated carriers with zero average speed, thus the change of the average speed of all the carriers is
This treatment is necessary as the velocity relaxation time in the substrate is longer than the excitation optical pulse. If the emitter is irradiated at normal incidence, the photoinjection rate G can be factorized:
where the z axis is normal to the emitter surface. We used an excitation beam with a diameter exceeding the gap between the electrodes, consequently h(x,y) is only a very slowly varying function. As Eq. ͑3͒ is linear with constant coefficients, and since the initial carrier concentration is negligible, the free-carrier concentration can be factorized in a very similar form:
We assume that the variation of the local electric field E loc along z is very slow near the surface where most of the carriers are generated. Using similar arguments as for the free-carrier concentration, the solution of Eq. ͑4͒ can be written in the form:
It can be then shown that Eq. ͑1͒ becomes after the integration: 
where the superscripts LT and B stand for the layer and the substrate, respectively; ␣ is the fraction of the absorbed power ͑82% for the layer, and 18% for the substrate͒. The bulk lifetime c B is significantly longer than c LT and therefore it cannot contribute to the measured fast dynamics. The mobility of the free carriers in the bulk, which is connected to s B , is supposed to be known ͑7000 cm 2 V Ϫ1 s Ϫ1 ͒. 28 Our model is thus fully determined by three fitting parameters: c LT , s LT , and a proportionality constant. The results of the fits are given in Table I . The lifetimes are also plotted in Fig. 2 , along with the data obtained by an optical pump-THz probe experiment which provides access to the same parameters under similar experimental conditions. Our values of the electron mobility have the same order of magnitude as those reported in Refs. 19 and 29. For the samples grown at 225 and 250°C the mobilities agree within the error margins. The slightly higher mobility of the sample grown at 200°C is not considered to be significant. It is attributed to a lower precision in the determination of s LT for the samples with faster dynamics.
The time constants c LT and s LT are the principal results of the time-domain terahertz emission spectroscopy ͑TDTES͒ measurements. Next, we will briefly discuss the physical meaning associated with these time constants.
The lifetime c LT corresponds to the electron trapping time as long as the number of photoexcited carriers is significantly lower than the number of traps. This condition is very well fulfilled in our experiment. The number of traps is determined by the excess arsenic incorporated in the material during MBE growth. For LT GaAs samples grown at temperatures between 200 and 250°C the concentration of excess arsenic N Tg ranges from 6.6 to 1.3ϫ10 19 cm Ϫ3 ͑Ref. 9͒
and is therefore four to five orders of magnitude larger than the photocarrier density nϭ10 14 -10 15 cm
Ϫ3
. Although a quantitative model of precipitate formation during the postgrowth annealing has not yet been developed, we are convinced that the remaining antisite defect density is significantly larger than the excitation density in the TDTES measurements. This is supported by the observation that the measured temporal shape of the THz transients is independent of incident laser intensity.
The momentum scattering time s LT determines the mobility of the free electrons. The phonon scattering is the dominant scattering mechanism at room temperature in single crystals of GaAs. In contrast, for heavily damaged materials like LT GaAs elastic scattering by neutral and ionized impurities prevails. 30 The mobilities of our samples are 2250-3000 cm 2 V Ϫ1 s
Ϫ1
. These values are in good agreement with theory of neutral impurity scattering in GaAs with a neutral impurity density of N ni ϭ(4.1-5.4)ϫ10
18 cm Ϫ3 ͓Ref. 31͔. The velocity that the photocarriers acquire due to the applied bias field in our experiments does not exceed the thermal velocity. Therefore, the scattering cross section which follows the 1/v 4 law for elastic scattering 32 is not influenced by the bias voltage. This again agrees with the observation that the temporal shape of the THz transient is independent of the applied bias voltage.
In our experiment the excitation wavelength is ϭ800 nm: The photoexcited carriers acquire an excess energy of 130 meV. In case of low photoexcitation densities the trapping times are also independent of the excitation wavelength as has been demonstrated recently. 19 The free-electron lifetimes we obtained agree very well with the values reported in Ref. 19 for samples grown at slightly higher temperatures. The whole set of lifetimes can be fitted by an exponential function
with T 0 ϭ66°C, and 0 Ϸ20 fs. We can write the freeelectron lifetime as
where N is the defect density, R is the average defect radius, is the capture cross section, s describes the ability of the defect to capture an electron, and v t is the electron velocity which is in our case practically equal to the thermal velocity. Within the unified As cluster model 9 the amount of the elemental arsenic is given by the sample growth temperature and remains constant during subsequent annealing. This can be expressed by
where the index g stands for an as-grown sample and A stands for an annealed sample. Putting together Eqs. ͑11͒ and ͑12͒, and assuming, as shown in Ref. 9 , that: one obtains:
Using values given in Ref. 9 , the value of 0 can be estimated: one finds 0 Ϸ25 fs for sϭ1 and R g Ϸ2.3 Å, which is very close to the result of our fit. On the other hand, our fit yields T g 0 ϭ44°C. This value is slightly larger than the value reported in Ref. 9 (T g 0 ϭ30°C) which was obtained from measurements of as-grown samples ͑let us recall that our samples were annealed at 600°C͒. From this difference, we conclude that the annealing slows down the dynamics of LT GaAs grown at lower temperatures stronger than the dynamics of samples grown at higher temperatures. This suggests, in turn, that the ability of electron capture is reduced for As clusters comparing to point defects.
IV. CONCLUSION
In conclusion, we demonstrated the method of extraction of the ultrashort carrier lifetime directly from the terahertz wave forms emitted by biased samples. We determined the electron lifetimes and mobilities for several annealed LT GaAs samples grown at different temperatures. A simple geometrical model was used to relate these results to the previously published ones.
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